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(57) A high efficiency control circuit for operating a 
buck-boost switching regulator is provided. The switch- 
ing regulator can regulate an output voltage higher, low- 
er, or the same as the input voltage. The switching reg- 
ulator may be synchronous or non-synchronous. The 
control circuit can operate the switching regulator in 
buck mode, boost mode, or buck-boost mode. In buck 
mode, the switching regulator regulates an output volt- 



age that is less than the input voltage. In boost mode, 
the switching regulator regulates an output voltage that 
is greater than the input voltage. In buck and boost 
modes, less than all of the switches are switched ON 
and OFF to regulate the output voltage to conserve pow- 
er. In buck-boost mode, all of the switches switch ON 
and OFF to regulate the output voltage to a value that 
is greater than, less than, or equal to the input voltage. 
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Description 

[0001] This invention relates to switching regulators. More specifically, this invention relates to control circuits and 
methods for controlling buck-boost switching regulators for maintaining high efficiency. 
5 [0002] A switching regulator provides a regulated output voltage V OUT to a load from an unregulated input voltage 
V m . A synchronous switching regulator has at least two switches that switch ON and OFF out of phase with each other 
to supply current to a load. A control circuit controls the switching of the switches. 

[0003] Referring to FIGS. 1A-1C, three prior art synchronous switching regulators are described. FIG. 1A illustrates 
a typical buck switching regulator 10, which may only regulate an output voltage V OUT that is lower than input voltage 
10 V (N . FIG. 1B shows a typical boost regulator 12, which may only regulate an output voltage V OUT that is higher than 
V| N . FIG. 1C illustrates a typical buck-boost switching regulator 14, which may regulate an output voltage V OUT that is 
higher, lower, or the same as input voltage V^. 

[0004] Referring to FIG. 1 A, synchronous buck switching regulator 10 has two switches A and B. A control circuit 
(not shown) switches A and B ON (closed) and OFF (opened) out of phase with each other to supply current to load 
15 1 9. Switching regulator 10 includes Input capacitor 1 6, synchronous switches A and B, inductor 17, and output capacitor 

18. Input voltage source V, N and input capacitor 16 are coupled between a first terminal of switch A and GROUND. 
Switch B is coupled between a second terminal of switch A and GROUND. A first terminal of inductor 17 is coupled to 
the second terminal of switch A, and output capacitor 1 8 and load 1 9 are coupled between a second terminal of inductor 
17 and GROUND. 

20 [0005] Referring to FIG. 1B, synchronous boost switching regulator 12 has two switches C and D. A control circuit 
(not shown) switches C and D ON (closed) and OFF (opened) out of phase with each other to supply current to load 

19. Switching regulator 1 2 Includes input capacitor 1 6, synchronous switches C and D, inductor 1 7, and output capacitor 
18. Input voltage source and input capacitor 16 are coupled between a first terminal of inductor 1 7 and GROUND. 
Switch C is coupled between a second terminal of inductor 1 7 and GROUND. Switch D has a first terminal coupled to 

25 the second terminal of inductor 17, and a second terminal coupled to a first terminal of output capacitor 18. Output 
capacitor 18 has a second terminal coupled to GROUND, and load 19 is coupled between the first terminal of output 
capacitor 18 and GROUND. 

[0006] Referring to FIG. 1C, synchronous buck-boost switching regulator 14 includes input capacitor 16, inductor 
17, output capacitor 18, and switches A, B, C, and D. Switches A, B, C, and D may, for example, be metal oxide 

30 semiconductor field effect transistors (MOSFETs) or bipolar junction transistors (BJTs). Input voltage V| N and input 
capacitor 16 are coupled between a first terminal of switch A and GROUND. Switch B is coupled between a second 
terminal of switch A and GROUND. Inductor 17 is coupled between the second terminal of switch A and a first terminal 
of switch D, and switch C is coupled between the first terminal of switch D and GROUND. Output capacitor 18 and 
load 19 are coupled between a second terminal of switch D and GROUND. 

35 [0007] Switching regulator 14 includes four switches (A, B, C, and D). A control circuit (not shown) switches A, B, 
C, and D ON and OFF to supply current to load 19. Prior art control circuits typically switch A and C ON together and 
B and D ON together. Switches A and C are OFF when switches B and D are ON, and switches B and D are OFF 
when switches A and C are ON. Prior art control circuits use the following repeating switching sequence: A and C ON, 
then B and D ON, then A and C ON, then B and D ON, etc. Thus, prior art control circuits switch all four switches ON 

40 and OFF in regulator 14 to supply current to load 19. 

[0008] An example of a prior art control circuit that may be used with the regulators of FIGS. 1 A-1 C includes a pulse- 
width modulator that has a single comparator that compares a control voltage at its non-inverting input with a symmetric 
triangular (or asymmetric sawtooth) waveform signal at its inverting input to generate a digital pulse-width modulated 
signal. The control voltage is generated from the output voltage of the regulator. As the control voltage is swept from 

45 the bottom to the top of the waveform signal, the duty cycle of the pulpe-width modulated signal increases from 0% to 
100%. In a buck-boost regulator, the pulse-width modulated signal is used to drive switches A and C together, while 
the inverse of the pulse-width modulated signal Is used to drive switches B and D together. The control voltage varies 
the duty cycle of the pulse-width modulated signal, and thus it also varies the input-to-output voltage ratio of the reg- 
ulator. 

so [0009] Synchronous buck-boost regulators such as regulator 14 advantageously may be operated to provide a reg- 
ulated output voltage over a wide variety of output-to-input voltage requirements. Prior art synchronous buck-boost 
switching regulator control circuits, however, disadvantageous^ always drive all four switches ON and OFF in each 
cycle to regulate V OUT , regardless of the output current and the output-to-input voltage ratio. More power is consumed 
driving the switches ON and OFF, than when the switches remain either ON or OFF. More power is consumed by 

55 synchronous buck-boost regulator 14 than by synchronous buck regulator 10 or synchronous boost regulator 12, be- 
cause only two switches have to be driven ON and OFF in regulators 10 and 12. Therefore, synchronous buck-boost 
switching regulator 14 is less efficient to use with a prior art control circuit than either synchronous buck regulator 10 
or synchronous boost regulator 12. 
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[001 0] A further disadvantage of switching regulator 1 4 used with a prior art control circuit is that the average inductor 
current is high. High average Inductor current is undesirable because more power is consumed in the inductor to 
regulate the output voltage. The relationship between the average inductor current and the average output current 
t OUT of switching regulator 14 used with a prior art control circuit may be expressed as: 

5 




where V OUT is the output voltage and V (N is the input voltage of switching regulator 14. For example, when V w = V OUT , 
the average inductor current is twice the average output current in switching regulator 14, assuming no loss. 
[0011] It would, however, be desirable to provide a high efficiency buck-boost switching regulator control circuit that 
15 can regulate an output voltage that is higher, lower, or the same as the input voltage. It would also be desirable to 
provide a buck-boost switching regulator control circuit that conserves power by driving fewer than all of the switches 
when the input voltage is higher or lower than the output voltage. It also would be desirable to provide a buck-boost 
switching regulator that has a low average inductor current 

[0012] It is an object of the present invention to provide a high efficiency buck-boost switching regulator that can 
20 regulate an output voltage higher, lower, or the same as the input voltage. 

[0013] It is a further object of the present invention to provide a buck-boost switching regulator control circuit that 
conserves power by driving less than all of the switches when the input voltage is higher or lower than the output voltage. 
[001 4] It Is a further object of the present invention to provide a buck-boost switching regulator that has a low average 
inductor current. 

25 [0015] These and other objects of the present invention are provided by control circuits that can operate high effi- 
ciency buck-boost switching regulators in buck mode when the input voltage is greater than the desired output voltage, 
in boost mode when the input voltage is less than the desired output voltage, and in buck-boost mode when the input 
voltage is higher, lower, or the same as the desired output voltage. The present invention also includes methods for 
regulating the output voltage of high efficiency buck-boost switching regulators in buck mode, boost mode, and buck- 

30 boost mode. During buck mode and boost mode, fewer than all of the switches are switched ON and OFF to provide 
current to the load. The other switches remain ON or OFF throughout buck or boost mode operation. During buck- 
boost mode, all of the switches are switched ON and OFF. This scheme conserves power because all of the switches 
are not switching ON and OFF in each cycle during buck mode and boost mode. 

[001 6] Control circuits of the present invention may control synchronous and non-synchronous buck-boost switching 
35 regulators. Control circuits of the present invention include pulse width modulator circuitry and logic circuitry. The pulse 
width modulator circuitry monitors the control voltage indicative of the output voltage to determine when to operate the 
switching regulator in buck mode, boost mode, or buck-boost mode. The pulse width modulator circuitry is coupled to 
logic circuitry that drives the switches ON and OFF. The present invention also includes methods for generating first 
and second voltage signals that are proportional to the regulated voltage output of the switching regulator, providing 
40 first and second periodic waveform signals, comparing the first voltage signal with the first periodic waveform signal 
to generate a first control signal, comparing the second voltage signal with the second periodic waveform signal to 
generate a second control signal, controlling the first switch with a first drive signal proportional to the first control 
signal, and controlling the second switch with a second drive signal proportional to the second control signal. 
[0017] The above-mentioned objects and features of the present invention can be more clearly understood from the 
<5 foHowing detailed description considered in conjunction with the following drawings, in which the same reference nu- 
merals denote the same structural elements throughout, and in which: 

FIGS. 1A-1C are schematic diagrams of prior art synchronous switching regulators; 

FIG. 2A is a block diagram of an illustrative embodiment of synchronous switching regulators with control circuits 
50 of the present invention; 

FIG. 2B is a schematic diagram of an illustrative embodiment of synchronous switching regulators with control 
circuits of the present invention; 

FIG. 2C is a block diagram of an illustrative embodiment of signal generators that may be used in control circuits 
of the present invention; 

55 FIG. 2D is a schematic diagram of an illustrative embodiment of logic circuitry of the present invention; 

FIG. 3A is a block diagram of an illustrative embodiment of non-synchronous switching regulators with control 
circuits of the present invention; 

FIG. 3B is a schematic diagram of an illustrative embodiment of non-synchronous switching regulators with control 
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circuits of the present invention; 

FIG. 4 is a schematic diagram of an illustrative embodiment of synchronous/non-synchronous switching regulators 
with control circuits of the present invention; 

FIG. 5 is a schematic diagram of another illustrative embodiment of synchronous/non-synchronous switching reg- 
5 ulators with control circuits of the present invention; 

FIGS. 6A-6D are graphs of exemplary signals for the circuitry of FIGS. 2B, 3B, 4, and 5; 

FIG. 7 is a block diagram of another illustrative embodiment of signal generators that may be used in control circuits 
of the present invention; 

FIG. 8A is a block diagram of another illustrative embodiment of signal generators that may be used in control 
10 circuits of the present invention; 

FIG. 8B is a graph of exemplary signals for control circuits of the present invention with the circuitry of FIG. 8A; 
FIG. 9A is a block diagram of another illustrative embodiment of pulse width modulators that may be used in control 
circuits of the present invention; 

FIG. 9B is a block diagram of another illustrative embodiment of signal generators that may be used in control 
is circuits of the present invention; and 

FIG. 9C is a graph of exemplary signals for the circuitry of FIG. 9A and 9B. 

[0018] Referring to FIG. 2A, a control circuit in accordance with the present invention is described. Power supply 15 
includes synchronous switching regulator 14 and control circuit 20. Synchronous switching regulator 14 receives input 

20 voltage V, N and provides regulated output voltage V OUT . Input voltage V (N may be higher, lower, or substantially the 
same as output voltage V OUT . Control circuit 20 may operate switching regulator 14 in buck mode, boost mode, or 
buck-boost mode. Synchronous switching regulator 14 has four switches coupled between V, N and V OUT that control 
a supply of current to the output node at V OUT so that the output voltage may be maintained at the regulated value. 
Control circuit receives output voltage V OUT and provides four drive signals (V A> V B , V c , and V D ) that control the 

25 switching of the four switches (A, B, C, and D) in synchronous switching regulator 14. 

[0019] Referring to FIG. 2B, an exemplary schematic diagram of power supply 15 is shown. Circuit 15 includes 
synchronous switching regulator 14 with four switches (A, B, C, and D) and control circuit 20. Switches A, B, C, and 
D are controlled by drive signals V A , V B , V c , and V D , respectively. Control circuit 20 includes resistors 21 A and 21B, 
error amplifier 22, pulse width modulator 25, and logic circuitry 29. Pulse width modulator 25 includes signal generator 

30 24, and comparators 27 and 28. 

[0020] In buck mode, power supply 15 provides output voltage V OUT that is less than input voltage V IN , and control 
circuit 20 turns switches A and B ON and OFF at the regulator's switching frequency f 8 while keeping switch D ON and 
switch C OFF. In boost mode, power supply 15 provides output voitage V OUT that is greater than input voltage V| N , 
and control circuit 20 turns switches C and D ON and OFF at the regulator's switching frequency f s while keeping 

35 switch A ON and switch B OFF. In buck-boost mode, power supply 15 provides output voltage V OUT that is less than, 
greater than, or the same as input voltage V, N , and control circuit 20 turns all four switches ON and OFF at the regulator's 
switching frequency f s . Thus, control circuit 20 conserves power because all four switches switch ON and OFF only 
when the power supply operates in buck-boost mode. 

[0021 ] Control circuit 20 allows only four switch states: switches A and C ON together, switches A and D ON together, 
40 switches B and C ON together, and switches B and D ON together. No more than two switches can be ON at once, 
and if a switch is not indicated as being ON, then it is OFF. Switches A and B cannot be ON togther, because such a 
configuration would short V, N to GROUND. Switches C and D cannot be ON togther, because such a configuration 
would short V oux to GROUND. When switches A and C are ON, current flows between V w and GROUND through 
inductor 17. When switches A and D are ON, current flows between V w and V OUT through inductor 17. When switches 
45 B and C are ON, both of the terminals of inductor 1 7 are coupled to GROUND. When switches B and D are ON, current 
flows between GROUND and V OUT through inductor 17. 

[0022] The steady-state operating point of a synchronous switching regulator in accordance with this invention is 
readily obtained by considering the average voltage across inductor 17, which may be expressed as: 

50 — , V Act A C + V AD t AD * V BC f BC + V BD f BD _ 

V/ND _ . _ (2) 

where V, ND is the average voltage across inductor 17; t AC , t^, t^, and Xq D are the total amounts of time that switches 
ss a and C, A and D, B and C, and B and D, respectively, are ON together in one switch cycle; V^, V^, V BC , and V BD 
are the voltages across inductor 17 during times t AC , t^, t^, and t^, respectively, In one switch cycle; and T is the 
period of one switching cycle. 

[0023] The voltage across Inductor 1 7 during each of the possible switch states Is: 
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10 



15 



owitcn otate 


Inductor Voltage 


Switches A and C ON 


Vac = V 1n 


Switches A and D ON 


v A o = v IN -v ollT 


Switches B and C ON 


V BC = 0 


Switches B and D ON 


V B d = -Vout 


Switches A and B ON 


Disallowed 


Switches C and D ON 


Disallowed 



In a steady state, the average voltage across inductor 17 is zero (V lND = 0). Thus, by setting equation (2) equal to 
zero, and by substituting the values from the above table, the steady state ratio of output voltage to input voltage can 
be expressed as: 



20 



25 



30 



V OUT_ *AC * *AD _ *A 



(3) 



where t A represents the total time in one period T that switch A is ON, either in combination with switch C or D, and to 
represents the total time in one period T that switch D is ON, either in combination with switch A or B. Equation (3) 
(which assumes ideal components such as switches A-D, diodes 32 and 34 in FIG. 3B, and inductor 17) verifies the 
ability of switching regulators of the present invention to regulate output voltages above, below, and substantially at 
the input voltage, depending on whether t A is greater than, less than, or substantially equal to during one switching 
cycle. 

[0024] When switches A and B switch ON and OFF at switching frequency f 8 , switch C remains OFF throughout 
each switching cycle T, and switch D remains ON throughout each switching cycle T {Xq = T), power supply 15 operates 
in buck mode. The duty cycle D A of switch A is t^, which is less than 1 because switch A is ON for less than period 
T. From equation (3), the output-to-input voltage ratio can be expressed as follows: 



35 



OUT 



IN 



\BUCK 



-± = -1 = D 



(4) 



40 



Because D A is less than 1 , V OUT is less than V w in buck mode. 

[0025] When switches C and D switch ON and OFF at switching frequency f 8 , switch A is ON throughout each 
switching cycle T (t A = T). and switch B is OFF throughout each switching cycle T, power supply 15 operates in boost 
mode. The duty cycle D D of switch D is t^/T which is less than 1 because switch D is ON for less than period T. From 
equation (3), the output-to-input voltage ratio can be expressed as follows: 



45 



OUT 



J3V 



{BOOST 



D r 



(5) 



50 



55 



Because D D is less than 1 , V OUT is greater than V IN in boost mode. 

[0026] If switches A, B, C, and D are ON for a period of time less than period T during each cycle of switching 
frequency f 6 , power supply 15 operates in buck-boost mode. The duty cycle of each of the four switches is less than 
1 (and greater than 0) because the switches are ON for less than period T in each cycle. In buck-boost mode, switching 
regulator 14 may regulate an output-tonnput voltage ratio that is greater than 1, less than 1, or substantially equal to 
1, as shown in equation (3), depending upon the relative on-times (t A and tp) of switches A and D in each cycle. Thus, 
V OUT can be greater than, less than, or substantially equal to V w in buck-boost mode. 

[0027] Referring again to FIG. 2B, resistors 21 A and 21B form a resistor divider between V OUT and GROUND. Error 
amplifier 22 has an inverting input coupled to the junction of resistors 21 A and 21B, a non-inverting input coupled to 
a reference voltage V^p, and an output terminal coupled to signal generator 24. Comparator 27 has an inverting input 
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and a non-Inverting input coupled to signal generator 24, and an output terminal coupled to logic circuitry 29. Compa- 
rator 28 has an inverting input and a non-inverting input coupled to signal generator 24, and an output terminal coupled 
to logic circuitry 29. Logic circuitry 29 provides four logic signals (V A , V B , V c , and V D ) for driving switches A, B, C, and D. 
[0028] Resistors 21A and 21B form a voltage divider that produces a voltage feedback signal V FB proportional to 
s output voltage V OUT . Error amplifier 22 amplifies the difference between V REF and V FB to produce control voltage V CL . 
Control voltage V CL determines the duty cycle of the four switches. V CL varies inversely with V OUT , which changes 
with load current or input voltage variations. Thus, V CL is coupled to V OUT indirectly through error amplifier 22 and the 
voltage divider. 

[0029] Signal generator 24 generates two periodic waveforms V x and V Y that have the same frequency and period. 

10 Signal generator 24 generates waveform signal V x , which is coupled to the inverting input of comparator 27. Signal 
generator 26 also generates waveform signal V Y , which is coupled to the inverting input of comparator 28. The period 
of waveforms V x and V Y determines the period of the switching cycle. The periodic waveforms may be symmetric 
triangular waveforms as shown, for example, in FIG. 6A, or may be asymmetric sawtooth waveforms as shown, for 
example, in FIGS. 6B and 6C. Signal generator 24 also generates quasi-static signals Vy and V v which are proportional 

15 to V CL . Signal generator 24 generates Vy at the non-inverting input of comparator 27, and V v at the non-inverting input 
of comparator 28. 

[0030] Waveform signals V x and V Y or signals Vy and V v (or both) differ by a direct current (DC) offset voltage V DC . 
Signals Vy and V v , and waveforms V x and V Y determine whether the switching regulator operates in buck mode, boost 
mode, or buck-boost mode as discussed in further detail below with respect to FIGS. 6A-6C. Examples of signal gen- 

20 erator 24 are shown and discussed with respect to FIGS. 2C, 7, and 8A. 

[0031] Referring again to FIG. 2B, comparator 27 compares waveform signal V x to Vy to generate control signal 
V z1 , which controls the switching of switches A and B. Comparator 28 compares waveform signal V Y to V v to generate 
control signal V^, which controls the switching of switches C and D. FIG. 6A illustrates examples of waveform signals 
V x and V Y and control voltage V CL , which is a quasi-static signal that varies with V OUT . As shown in FIG. 6A, V x is a 

25 triangular waveform that has a period T, and that has minimum and maximum values of V 1 and V 3 , respectively. V Y is 
a triangular waveform that has a period T, and that has minimum and maximum values of V 2 and V 4 , respectively. As 
shown in FIG. 6A, < V 2 < V 3 < V 4 . As described in more detail below, when V 1 < V CL £ V 2 , regulator 14 controlled 
by control circuit 20 operates in buck mode, when V 2 < V CL < V 3 , regulator 14 controlled by control circuit 20 operates 
in buck-boost mode, and when V 3 £ V CL < V 4 , regulator 14 controlled by control circuit 20 operates in boost mode. 

30 When V CL £ V, or £ V 4 , regulator 14 operates in a degenerate mode. As shown in FIG. 6A, waveforms V x and V Y are 
synchronized in phase, and have a DC offset difference V DC equal to (V 2 - V^ = (V 4 - V 3 ). 

[0032] Logic circuitry 29 (FIG. 2B) generates drive signals V A , V B , V c , and V D . FIG. 6A illustrates examples of control 
signals V 21 and V^, and drive signals V A , V B , V c , and V D for V 2 < V CL < V 3 . With respect to FIGS. 6A-6D, 8B and 9C, 
switch A is ON when V A is HIGH and OFF when V A is LOW, switch B is ON when V B is HIGH and OFF when V B is 

35 LOW, switch C is ON when V c is HIGH and OFF when V c is LOW, and switch D is ON when V D if HIGHjand OFF 
when V D is LOW, for purposes of illustration. Also with respect to FIGS. 6A-6D, 8B and 9C f V A = V Z1 , V B = V^ , V c = 
V22, and V D = for purposes of illustration. Other relationships between V 21 , V^ and V A , V B , V c , V D are also 
possible. For example, If the non-inverting input of comparator 27 is coupled to V x and the inverting input of comparator 
27 is coupled to Vy, then V A = V 21 and V B = V z1 . Furthermore, if the non-inverting input of comparator 28 is coupled 

40 to V Y and the Inverting input of comparator 28 is coupled to V v , then V c = V^ and V D = V^ . 

[0033] An example of signal modulator 24 for use in the present invention is shown in FIG. 2C. Signal generator 60 
may be used as signal generator 24 in FIGS. 2B, 3B, 4, and 5. Signal generator 60 includes waveform generator 61, 
resistor 62, and constant current source 64. Waveform generator 61 generates periodic waveform V Y , which is coupled 
to the inverting input of comparator 28. Control voltage V CL is coupled to the non-inverting inputs of comparators 27 

45 and 28. Thus, Vy and V v are equal to V CL in circuit 60. Control voltage V CL may be generated by error amplifier 22 
that monitors voltage feedback V FB signal from the output voltage as shown, for example, in FIGS. 2B and 3B. The 
Inverting input of comparator 28 is coupled to a first terminal of resistor 62. 

[0034] Constant current source 64 is coupled between a second terminal of resistor 62 and GROUND, and conducts 
a constant current The inverting input of comparator 27 is coupled to the second terminal of resistor 62. Comparators 
50 28 and 27 provide outputs V^ and V Z1 , respectively, that may be coupled to logic circuitry 29, 36, 46, or 56 of FIGS. 
2B, 3B, 4 and 5, respectively. Comparator 27 generates control signal V Z1 for controlling the switching of switches A 
and B (or just switch A in a non-synchronous embodiment). Comparator 28 generates control signal V^ for controlling 
the switching of switches C and D (or just switch C in a non-synchronous embodiment). 

[0035] As shown In FIG. 2C, assuming that substantially no current flows into or out of the inverting inputs of com- 
55 parators 27 and 28, signal V Y equals signal V x , plus a constant negative DC offset that substantially equals the current 
conducted by constant current source 64 times the resistance of resistor 62. Examples of waveform signals V Y and 
V x generated by signal generator 60 are shown in FIGS. 6A-6C. Signals V x and V Y of signal generator 60 may not, 
however, equal signals V x and V Y in FIG. 6D because signals V x and V Y in circuit 60 have the same wave shape and 
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the same peak-to-peak amplitude. Signals V x and V Y may be, for example, symmetric triangular waveforms or asym- 
metric sawtooth waveforms. The discussion below with respect to FIGS. 6A-6C applies to signal generator 60. 
[0036] The overlap voltage (V 3 - V 2 ) of signals V x and V Y may be expressed: 

W 3 -V 2 ) = V P4 >-(! 64 xR 62 ) (6) 

where Vp_p is the peak-to-peak arhplitude of V Yt is the current conducted by constant current source 64, and R^ 
is the resistance of resistor 62. Signal V x has the same peak-to-peak amplitude and wave shape as signal V Y . 
[0037] In a further embodiment of the present invention, constant current source 64 of FIG. 2C may be replaced with 
a resistor so that signal V x has a varying voltage offset relative to signal V Y . In this embodiment, signals V x and V Y 
have different peak-to-peak amplitudes. 

[0038] Referring again to FIG. 2B, logic circuitry 29 includes drive circuitry for driving switches A, B, C, and D ON 
and OFF. When V Z1 goes HIGH, logic circuitry 29 causes logic signal V A to go HIGH and logic signal V B to go LOW, 
turning ON switch A and turning OFF switch B. When V Z1 goes LOW, logic circuitry 29 causes logic signal V A to go 
LOW and logic signal V B to go HIGH, turning OFF switch A and turning ON switch B. When goes HIGH, logic 
circuitry 29 causes logic signal V c to go HIGH and logic signal V D to go LOW, turning ON switch C and turning OFF 
switch D. When goes LOW, logic circuitry 29 causes V c to go LOW and V D to go HIGH, turning OFF switch C and 
turning ON switch D. 

[0039] An example of logic circuitry 29 for use in control circuit 20 is shown in FIG. 2D. Logic circuitry 29 has a 
plurality of logic gates including NAND gates 150. 152, 160, and 162; and inverters 151, 153, 154, 155, 161. 163. 164 
and 165. In FIG. 2D. switches A and D are shown as P-channel field-effect transistors (FETs), and switches B and C 
are shown as N-channel FETs. With respect to FIG. 2D, switch A is ON when V A is LOW and OFF when V A is HIGH, 
switch B is ON when V B is HIGH and OFF when V B is LOW, switch C is ON when V c is HIGH and OFF when V c is 
LOW, and switch D is ON when V 0 is LOW and OFF when V 0 is HIGH. In a further embodiment of the present invention, 
switches A-D may all be N-channel FETs. 

[0040] Inverters 153, 154, and 155 are coupled between V iN , and GROUND. Inverters 163, 164, and 165 are coupled 
between V OUT and GROUND. Inverter 151 has an input coupled to V 21 and an output coupled to a first input of NAND 
gate 152. NAND gate 150 has a first input coupled to V Z1 , a second input coupled to the output of NAND gate 152, 
and an output coupled to an input of inverter 1 53. Inverter 1 53 has an output coupled to an Input of inverter 1 54. Inverter 

154 has an output coupled to a second input of NAND gate 152 and a gate of transistor A. NAND gate 152 has an 
output coupled to an input of inverter 155. Inverter 155 has an output coupled to a gate of transistor B. Inverter 161 
has an input coupled to and a first input of NAND gate 162, and an output coupled to a first input of NAND gate 
160. NAND gate 162 has an output coupled to a second input of NAND gate 160 and an input of inverter 165. Inverter 
165 has an output coupled to a gate of transistor C. NAND gate 160 has an output coupled to an input of inverter 163. 
Inverter 163 has an output coupled to an input of inverter 164. Inverter 164 has an output coupled to a second input 
of NAND gate 162 and a gate of transistor D. 

[0041] Logic circuitry 29 as shown in FIG. 2D prevents switches A and B from being ON at the same time, and 
prevents switches C and D from being ON at the same time by creating brief dead times between the ON times of 
switches A and B and the ON times of switches C and D. When V Z1 is LOW, transistor A is OFF and transistor B is 
ON as shown, for example, in FIG. 6A. When V Z1 goes HIGH, the output of Inverter 151 goes LOW, then the output 
of NAND gate 152 goes HIGH, then the output of inverter 155 goes LOW turning OFF n-channel FET B. When the 
output of NAND gate 152 goes HIGH, the output of NAND gate 150 goes LOW, then the output of Inverter 153 goes 
HIGH, then the output of inverter 154 goes LOW, turning ON p-channel FET A. The time it takes for the rising edge of 
V z1 to propagate through logic gates 151, 152, 150, 153, and then 154 to turn FET A ON is greater than the time it 
takes for the rising edge of V Z1 to propagate through logic gates 151,1 52, and then 1 55 to turn FET B OFF. because 
the signal has to pass through two more logic gates. 

[0042] When V z1 transitions LOW, the output of NAND gate 150 goes HIGH, then the output of inverter 153 goes 
LOW, and then the output of inverter 154 goes . HIGH, turning p-channel FET A OFF. When the output of Inverter 154 
goes HIGH and the output of inverter 1 51 is HIGH, the output of NAND gate 152 goes LOW, then the output of inverter 

155 goes HIGH, turning ON n-channel FET B. The falling edge of V 21 passes through logic gates 150, 153. and then 
154 to turn p-channel FET A OFF, and through logic gates 150, 153, 154, 152, and then 155 to turn n-channel FET B 
ON. Thus, it takes longer to turn FET B ON than It takes to turn FET A OFF on the falling edge of V z1 . Therefore, brief 
dead times are created between the ON times of FETs A and B. 

[0043] Logic gates 160-165 also create brief dead times between the ON times of FETS C and D to prevent these 
FETs from being ON at the same time. The rising edge of passes through four logic gates (1 61 . 1 60, 1 63, and then 
164) to turn p-channel FET D OFF, and through six logic gates (161, 160, 163, 164, 162, and then 165) to turn n- 
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channel FET C ON. The falling edge of passes through two logic gates (162 and then 165) to turn n-channel FET 
C OFF. and through four logic gates (162, 160. 163, and then 164) to turn p-channel FET D ON. 
[0044] Power supply 1 5 requires a lower average inductor current than prior art buck-boost switching regulators in 
which all four switches switch regardless of the input-output voltage relationship. The relationship between the average 
inductor current and the average output current l 0UT in power supply 15 may be expressed as: 
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If V (N = V OUT and > 0, for example, average inductor current is less than twice the average output current 
Time t^. is greater than zero in buck mode, boost mode, and buck-boost mode if DC offset voltage V DC (I.e.. (V 2 - 
15 v % ) in FIGS. 6A-6D) between waveforms V Y and V x is greater than zero. Thus, power supply 1 5 requires lower average 
inductor current compared to buck-boost switching regulators with prior art control circuits If V DC > 0. If V DC . and thus 
W equal zero, then the average inductor current in synchronous switching regulator 14 is defined by equation (1 ), as 
well as equation (7). 

[0045] Referring to FIG. 3A, another control circuit in accordance with this invention is described. Power supply 35 
20 includes non-synchronous buck-boost switching regulator 30 and control circuit 38. Non-synchronous switching reg- 
ulator 30 receives input voltage V, N and produces regulated output voltage V OUT . Input voltage V, N may be higher, 
lower, or substantially the same as output voltage V OUT . Control circuit 38 may operate switching regulator 30 in buck 
mode, boost mode, or buck-boost mode. Non-synchronous switching regulator 30 has two switches coupled between 
V IN and V OUT that control a supply of current to the output node at V OUT so that the output voltage may be maintained 
25 at the regulated value. Control circuit 38 receives output voltage V OUT and provides two drive signals (V A and V c ) that 
control the switching of the two switches in non-synchronous switching regulator 30. 

[0046] Referring to FIG. 3B, a schematic diagram of power supply circuit 35 of the present invention is shown. Circuit 
35 includes non-synchronous switching regulator 30 with two switches (A and C) and control circuit 38. In switching 
regulator 30, diodes 32 and 34 have replaced synchronous switches B and D. respectively, of FIG. 2B. Diode 32 has 
30 a cathode coupled to the second terminal of switch A and an anode coupled to GROUND. Diode 34 has a cathode 
coupled to capacitor 18 and an anode coupled to inductor 1 7. 

[0047] Control circuit 38 of FIG. 3B is the same as control circuit 20 of FIG. 2B, except that logic circuitry 36 provides 
two drive signals (V A and V c ) to control switches A and C, respectively. When switch A is ON, diode 32 is reverse 
biased and conducts negligible current When switch A is OFF diode 32 becomes forward biased and conducts current 

35 from GROUND through inductor 1 7. When switch C is ON, diode 34 is reverse biased and conducts negligible current. 
When switch C is OFF, diode 34 becomes forward biased and conducts current from inductor 17 to V OUT . 
[0048] Thus, when switches A and C are ON, diodes 32 and 34 are reverse biased, and current flows between V| N 
and GROUND through inductor 17. When switch A is ON and switch C is OFF, diode 32 is reverse biased, diode 34 
is forward biased, and current flows between V !N and V OUT through inductor 17. When switches A and C are OFF, 

40 diodes 32 and 34 are forward biased, and current flows between GROUND and V OUT through inductor 17. When switch 
A is OFF and switch C is ON, diode 32 is forward biased, diode 34 is reverse biased, and the current through inductor 
17 does not change because both its terminals are coupled to GROUND. Control circuit 38 of FIG. 3B may operate 
non-synchronous switching regulator 30 in buck mode, boost mode, or buck-boost mode depending upon the value 
of V CL as discussed with respect to FIGS. 6A-6D. 

<5 [0049] Referring to FIG. 4, another control circuit in accordance with this invention is described. Power supply 40 
includes switching regulator 42 that has non-synchronous switch A, diode 32, and synchronous switches C and D. 
Control circuit 44 of FIG. 4 is the same as control circuit 20 of FIG. 2B, except that logic circuitry 46 outputs three drive 
signals (V A , V c and V D ) to control switches A, C, and D. respectively. In control circuit 44. comparator 27 controls the 
switching of switch A, and comparator 28 controls the switching of switches C and D. Depending upon the value of 

50 v CL , control circuit 44 of the present invention may operate switching regulator 42 in buck mode, boost mode, or buck- 
boost mode, in the same manner as discussed with respect to FIGS. 6A-6D. 

[0050] FIG. 5 illustrates another example of a buck-boost switching regulator with two synchronous switches, a non- 
synchronous switch, and a diode. Power supply 50 of FIG. 5 has switching regulator 52, and control circuit 54. Switching 
regulator 52 has synchronous switches A and B, diode 34, and non-synchronous switch C. Control circuit 54 is the 
55 same as control circuit 20 of FIG. 2B, except that logic circuitry 56 outputs only three drive signals (V A . V B and V c ) to 
control switches A, B. and C, respectively. In control circuit 54, comparator 27 controls the switching of switches A and 
B, and comparator 28 controls the switching of switch C. Control circuit 54 of the present invention may operate switch- 
ing regulator 52 in buck mode, boost mode, or buck-boost mode in the same manner as discussed with respect to 
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FIGS. 6A-6D. 

[0051] Signal generator 24 generates waveform signals V x and V Y , and quasi-static signals V\j and V v for control 
circuits 20, 38, 44 and 54. Waveforms V x and V y shown In FIGS. 6A-6C (as well as V x and V Y ' in FIG. 6D) may be 
used with power supplies 15, 35, 40, and 50. FIGS. 6A-6D illustrate four examples of periodic waveforms with period 

5 T that may be used in switching regulator circuits of the present invention. Other types of periodic waveforms also may 
be used such as asymmetrical sawtooth waveforms with non-rapidly rising and falling edges. 
[0052] FIGS. 6A-6D also show examples of control voltage V CL , control signals V z1 and V^, and drive signals V A , 
V B( V c , and V D during the three modes of operation (buck, boost, and buck-boost). The value of V CL determines the 
active steady state operating mode. With respect to FIGS. 6A-6D, v\,and V v both equal V CL throughout each period 

10 T as shown, for example, in FIGS. 2C and 7. Also with respect to FIGS. 6A-6D, V DC equals (V 2 - V^) = (V 4 - V 3 ) . The 
three steady state operating modes are referred to as buck (V t < V CL £ V 2 ), buck-boost (V 2 < V CL < V 3 ) , and boost 
(V 3 £ V CL < V 4 ) . With respect to the discussion below regarding FIGS. 6A-6D, diode 32 in regulators 30 and 42 is 
forward biased when switch B is indicated as being ON, and reverse biased when switch B is indicated as being OFF. 
Furthermore, diode 34 in regulators 30 and 52 is forward biased when switch D is indicated as being ON and reverse 

15 biased when switch D is indicated as being OFF. 

[0053] FIG. 6A illustrates exemplary waveforms V x and V Y and signals V z1 V^, V A , V B , V c and V D for two values 
of control voltage V CL (V CL1 and V CL2 ). The operating mode of switching regulator circuits of this invention is determined 
by the value of control voltage V CL and voltage levels V lt V 2 , V 3 , and V 4 . Waveforms V x and V Y are symmetrical 
triangular waveforms with period T. The values of signals V 21 , V^, V A , V B , V c , and V D are shown by solid lines for 

20 v cl = V CL1» are shown by dotted lines for V CL = V CL2 . 

[0054] FIG. 6A shows an example of the present invention in buck-boost mode. As shown in FIG. 6A, when V x and 
V Y are both below V CL , signals V z1 and are HIGH, signals V A and V c are HIGH (switches A and C ON) and signals 
V B an V D are LOW (switches B and D OFF). When V Y is above V CL and V x is below V CL , V z1 is HIGH, is LOW, 
V A and V D are HIGH (switches A and D ON), and V B and V c are LOW (switches B and C OFF). When V x and V Y are 

25 both above V CL , V Z1 and V a are LOW, V B and V D are HIGH (switches B and D ON), and V A and V c are LOW (switches 
A and C OFF), in buck-boost mode, power is required to drive all of the switches ON and OFF during every period T. 
[0055] If the output-to-input voltage ratio of regulator circuits 14, 30, 42 or 52 changes, the on-times of switches A, 
B, C and D (and/or diodes 32 and 34) correspondingly change. For example, in power supply circuit 15 of FIG. 2B, If 
V m decreases in buck-boost mode, the output-ton nput voltage ratio increases. If V lH decreases, error amplifier 22 

30 senses a slight decrease In V OUT , because less current flows to load 1 9 in each period T for a given duty cycle of the 
switches. As V OUT decreases, V CL increases. As can be seen in FIG. 6A, as V CL increases to V CL2 , the off-time of V Z1 
decreases and the on-time of increases, which increases the on-times of switches A and C, and decreases the 
on-times of switches B and D. Thus, control circuits of the present invention adjust the duty cycle of the switches to 
maintain V OUT at the regulated value. This duty cycle satisfies the relationship in equation (3) assuming ideal compo- 

35 nents. 

[0056] In accordance with this invention, the range of output-to-input voltage ratios for which the switching regulator 
operates in buck-boost mode depends on the voltage overlap of waveforms V x and V Y . As shown in FIGS. 6A-6D, the 
voltage overlap of V x and V Y is the region (V 3 - V 2 ) . As the voltage overlap increases, the range of output-to-input 
voltage ratios for which control circuits of the present invention operate the switching regulator in buck-boost mode 
40 increases. As the voltage overlap decreases, the range of output-to-input voltage ratios for which control circuits of the 
present invention operate the switching regulator in buck-boost mode decreases. 

[0057] At maximum overlap (i.e., V DC = 0, such that V 1 = V 2 , and V 3 = V 4 ), the control circuit operates the switching 
regulator in buck-boost mode for all output-to-input voltage ratios. In this case, the switches A and D are never ON 
together, and the switching sequence is A and C ON, B and D ON, A and C ON, B and D ON, etc. 

45 [0058] Maximum overlap has several disadvantages. First, the average Inductor current is larger for a given output 
current and output-to-input voltage ratio because t^ equals zero as shown in equation (7). Secondly, the switching 
regulator is inefficient because all of the switches are turned ON and OFF in every period T regardless of the output- 
to-Jnput voltage ratio. Therefore, any overlap less than the maximum overlap condition (V DC > 0) allows the switching 
regulator to operate in buck, boost, and buck-boost modes thereby improving efficiency and reducing inductor current. 

50 [0059] If V x and V Y do not overlap at all (i.e., V 3 £ V 2 ), then the switching regulator never operates in buck-boost 
mode. In this situation, if V CL is greater than V 3 but less than V 2 , no switching occurs because switches A and D are 
ON throughout the duration of each period T, and the input and output nodes are coupled through the inductor (V (N = 
V OUT ). In this case, output voitage V OUT is no longer being regulated to a constant value. Buck mode and boost mode 
still exist when V CL intersects one or the other of the waveforms. 

55 [0060] The voltage overlap (V 3 - V 2 ) can be used to adjust the desired behavior of the switching regulator. If maximum 
efficiency is desired, the waveforms should not be overlapped at all (so that the voltage overlap is less than or equal 
to zero, i.e., V 3 <> V 2 ) to eliminate operation in buck-boost mode. However, in this situation, there is a region of operation 
where V CL will not have any control over the output-to-input voltage ratio. This occurs when the input voltage substan- 
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tlally equals the output voltage. If the system Is Implemented as in FIG. 2B, but with the waveforms non-overlapped (I. 
e., V 3 £ V 2 ), and with V OUT = V| N , V CL will rapidly shift between buck mode and boost mode trying to find a constant 
duty cycle for the switches. Output-to-input voltage ratios near unity will not always have a single control voltage level 
that can accommodate that condition. Therefore, the system behaves hysteretically as it shifts between buck mode 

5 and boost mode, which Is typically undesirable. 

[0061] As the voltage overlap (V 3 - V 2 ) increases above zero, the range of input voltages over which the regulator 
operates in the relatively inefficient buck-boost mode increases, but the hysteretic mode discussed above with respect 
to the transition between buck and boost modes is eliminated. This results in poorer efficiency over a larger range of 
output-to-input voltage ratios, but improved transient behavior. Furthermore, a voltage overlap (V 3 - V 2 ) greater than 

10 zero guarantees that any output-to-input voltage ratio can be maintained with a constant duty cycle of the switches 
(for a constant load current). 

[0062] FIG. 6B illustrates alternative waveforms V x and V Y in which V 3 £ V CL < V 4 , and therefore the regulator 
operates in boost mode. Waveforms V x and V Y in FIG. 6B are sawtooth waveform signals with rapidly rising edges 
and a period T. As long as V CL is not less than V 3 , V CL is always greater than waveform V x , and V z1 is HIGH during 

15 the entire period T of each switching cycle. Thus, in boost mode, V A is HIGH and switch A is ON, and V B is LOW and 
switch B is OFF for the entire period T of each switching cycle. Comparator 28 controls the ON and OFF switching of 
switches C and D in boost mode in power supplies 1 5 and 40 and the ON and OFF switching of switch C in boost mode 
in power supplies 35 and 50. When V Y is above V CL , is LOW and V D is HIGH, so that switch D is ON, and V c is 
LOW so that switch C is OFF. When V Y is below V CL , is HIGH, V c is HIGH so that switch C is ON, and V D is LOW 

20 so that switch D is OFF. 

[0063] FIGS. 6A and 6B illustrate examples of waveforms V x and V Y that have the same peak-to-peak amplitudes. 
If the peak-to-peak amplitudes of V x in FIGS. 6A and 6B are the same, the peak-to-peak amplitudes of V Y in FIGS. 
6A and 6B are the same, and the voltage overlap (V 3 - V 2 ) in FIGS. 6A and 6B is the same, then times t^, t^, and 
t AC are the same for a given V CL in these two embodiments in a steady state condition, even though the shapes of V x 

25 and V Y in FIG. 6A (triangular) differ from V x and V Y in FIG. 6B (sawtooth). Also, the steady state output-to-input voltage 
ratio is the same for FIGS. 6A and 6B in this instance, since only the on-times of switches A and D are relevant in 
determining the steady state output-to-input voltage ratio as shown in equation (3). The sequence of the ON times of 
the switches of these two embodiments are different. In FIG. 6A, the repeating switching sequence in buck-boost mode 
is AD ON, BD ON, AD ON, AC ON, etc. In FIG. 6B, the repeating switching sequence in buck-boost mode is AD ON, 

30 AC ON, BD ON. etc. 

[0064] FIG. 6C illustrates additional alternative waveforms V x and V Y in which V 1 < V CL £ V 2 , and therefore the 
regulator operates in buck mode. Waveforms V x and V Y in FIG. 6C are sawtooth waveform signals with rapidly falling 
edges and a period T. If V CL does not exceed V 2 , waveform V Y is always greater than V CL , and V a In power supplies 
15, 35, 40, and 50 is LOW during the entire period T of each switching cycle. Thus, V c is LOW causing switch C to be 

35 OFF for the full period T of each cycle, and V D is HIGH causing switch D to be ON for the full period T of each cycle 
in buck mode. Comparator 27 controls the ON and OFF switching of switches A and B in buck mode in power supplies 
15 and 50 and the ON and OFF switching of switch A in buck mode in power supplies 35 and 40. When V x is above 
V CL , V Z1 is LOW, V B is HIGH so that switch B is ON, and V A is LOW so that switch A is OFF. When V x is below V CL , 
V Z1 is HIGH, V A is HIGH so that switch A is ON, and V B is LOW so that switch B is OFF. 

40 [0065] FIG. 6D illustrates examples of other waveforms signals V x ' and V Y that may be used in control circuits of 
the present invention. Signal generator 24 may generate waveform signals V x and V Y in place of waveform signals 
V x and V Y , respectively. The waveform signals generated by signal generator 24 do not have to be identical, or even 
have the same wave shape. As shown in FIG. 6D, V x is a symmetrical triangular waveform, and waveform V Y is an 
asymmetrical sawtooth waveform. Both waveforms have a period T. The peak-to-peak amplitude of V x ' (V 3 - Vj) Is 

45 greater than the peak-to-peak amplitude of V Y (V 4 - V 2 ). 

[0066] A buck-boost switching regulator controlled by control circuits of the present invention with waveforms V x 
and Vy in FIG. 6D may operate in buck mode, boost mode, or buck-boost mode as discussed above with respect to 
FIGS. 6A-6C. Equation (3) also applies to control circuits of the present invention that have waveforms V x and V Y 
with different wave shapes and different peak-to-peak amplitudes. Preferably, waveforms V x ' and V Y are chosen so 

50 that they do not cross each other so that switches B and C are never ON at the same time (i.e., when V CL > Vy and < vy). 
[0067] Referring to FIGS. 6A-6D, two "degenerate" modes are shown. The degenerate modes occur if control voltage 
V CL is less than or equal to Vj or if V CL is greater than or equal to V 4 . If V CL is less than or equal to V 1f both V Z j and 
remain LOW, and switches B and D are ON throughout period T of each cycle (if V A = V Z1 , V B = , V c = V^, 
and V D = Vq) . This mode discharges the output voltage to GROUND through inductor 17. In the second degenerate 

55 mode, V CL is greater than or equal to V 4 , both V z1 and remain HIGH, and switches A and C are ON throughout 
period T of each cycle (if V A = V Z1 , V B = V z1 , V c = V^, and V D = V^) . This mode shorts the input voltage to GROUND 
through inductor 17 which is typically undesirable. The degenerate modes are not used to regulate V OUT . Both of these 
modes are only considered degenerate when switches A and C are ON together for the entire duration of period T, or 
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switches B and D are ON together for the entire duration of period T. 

[0068] An example of signal generator 24 that can generate waveforms V x and V Y that have different wave shapes 
and different peak-to-peak amplitudes is shown in FIG. 7. Signal generator 65 may be used as signal generator 24 in 
FIGS. 2B, 3B, 4, and 5. Signal generator 65 includes waveform generators 66 and 68, and oscillator 67. In circuit 65, 

5 signals Vy and V v are generated at the non-inverting inputs of comparators 27 and 28, respectively. Signals Vy and 
V v are equal to V CL in FIG. 7. Waveform generator 66 generates waveform V x at the inverting input of comparator 27 
and waveform generator 68 generates waveform V Y ' at the inverting input of comparator 28. Waveforms V x and vy 
may have different wave shapes and different peak-to-peak amplitudes as shown, for example, in FIG. 6D. Oscillator 
67 generates a periodic signal at node 69 that is received by waveform generators 66 and 68. The periodic signal at 

10 node 69 synchronizes the periods T of waveforms V x * and V Y ' so that their periods begin and end at the same time. 
For example, waveform generators 66 and 68 may begin the period of waveforms V x and V Y \ respectively, on the 
rising edge of a digital signal at node 69. If desired, waveforms V x and V Y ' in FIG. 7 may have the same wave shape 
and the same peak-to-peak amplitude, with a DC offset voltage V DC = (V 2 - V 1 ) = (V 4 - V 3 ). 

[0069] A further embodiment of a signal generator in accordance with the present invention Is illustrated in FIG. 8A. 

15 Control circuits with the signal generator of FIG. 8A also may be used to generate control signals for synchronous, 
non-synchronous, and synchronous/non-synchronous buck-boost switching regulators. Signal generator 70 in FIG. 8A 
may be used in place of signal generator 24 In FIGS. 2B, 3B, 4, and 5. Signal generator 70 includes waveform generator 
71, resistor 76, and constant current source 78. Waveform generator 71 generates periodic waveform V w at the in- 
verting inputs of comparators 27 and 28. Waveform V w equals V x and V Y . Control voltage V CL may be generated from 

20 error amplifier 22 that monitors voltage feedback signal V FB as shown, for example, in FIGS. 2B and 3B. V CL Is coupled 
to the non-inverting input of comparator 27 (so that Vy equals V CL ) and to a first terminal of resistor 76. Constant 
current source 78 is coupled between a second terminal of resistor 76 and GROUND and conducts a constant current. 
The non-inverting input of comparator 28 is coupled to the second terminal of resistor 76. Comparator 27 generates 
control signal V z1 for controlling the switching of switches A and B or Just switch A in a non-synchronous embodiment 

25 Comparator 28 generates control signal for controlling the switching of switches C and D or just switch C in a non- 
synchronous embodiment 

[0070] Signal generator 70 generates voltage V v at the non-inverting input of comparator 28 which is offset negatively 
from V CL and Vy by a constant value. Assuming that no current flows Into or out of the non-inverting inputs of compa- 
rators 27 and 28, the constant offset between Vy and V v equals the current conducted by constant current source 78 
30 times the resistance of resistor 76. V v may be expressed as: 

Vv*Vu- 1*7***7*) W 

35 where l 78 is the current conducted by constant current source 78 and R 76 is the resistance of resistor 76. Thus, offset 
voltage V DC equals Vy - V v with respect to the embodiment of FIGS. 8A-8B. 

[0071] An example of signal V w generated by waveform generator 71 is shown in FIG. 8B. Signal V w has a maximum 
value of V 6 and a minimum value of V 5 . Examples of signals Vy, V v , V Z1 , V^, V A , V B , V c , and V D are also shown in 
FIG. 8B. The switching regulator controlled by a control circuit with signal generator 70 operates in buck-boost mode 
40 when Vy and V v are both less than V 6 and greater than V 5 . In buck-boost mode, control signals V Z1 and V a control 
the ON and OFF switching of each of the switches in every period T. 

[0072] If Vy equals or exceeds V 6 and V v is less than V 6 , the switching regulator controlled by signal generator 70 
operates in boost mode because V Z1 and V A are HIGH, V B is LOW, and switch A is ON and switch B is OFF for the 
entire duration of each cycle. Control signal controls the ON and OFF switching of switches C and D in boost mode. 

45 If V v is less than or equal to V 5 and Vy is greater than V 5 , the switching regulator controlled by the signal generator 
70 operates in buck mode because V^ and V c are LOW, V D is HIGH, and switch C is OFF and switch D is ON for the 
entire duration of each cycle. Control signal V 21 controls the ON and OFF switching of switches A and B in buck mode. 
Referring to FIG. 8B, switch A is ON when V w is below Vy and OFF when V w is above Vy. Switch B is ON when V w 
is above Vy and OFF when V w is below Vy. Switch C is ON when V w is below V v and OFF when V w is above V v . 

50 Switch D is ON when V w is above V v and OFF when V w is below V v . When Vy and V v £ V 6 or when Vy and V v £ V 5 , 
the switching regulator operates in a degenerate mode. 

[0073] In a further embodiment of the present invention, constant current source 78 may be replaced with a resistor 
to generate V v so that V v is a fraction of V CL and Vy. In this embodiment, the offset voltage between Vy and V v varies 
as V CL increases and decreases. 
55 [0074] The propagation delay of a comparator is the time required for its output signal to reach one half of the supply 
voltage from the time when its differential input voltage passes through zero. There are two distinct propagation delays: 
tp^ is the propagation delay when the output of the comparator transitions from LOW to HIGH, and tp HL is the prop- 
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agation delay when the output of the comparator transitions from HIGH to LOW. The propagation delay of a comparator 
may vary with overdrive (the differential input voltage) and the time between transitions in the output signal of the 
comparator. For example, a larger overdrive at the input of a comparator may produce a shorter propagation delay 
than a smaller overdrive. The propagation delay for a comparator in a pulse width modulator varies the most when the 
s control voltage input nears the minimum or maximum voltage of the periodic waveform input to the comparator. Varying 
propagation delays in a comparator's output signal may adversely affect a pulse width modulator's ability to accurately 
control the duty cycle of the switches in a switching regulator. 

[0075] A further embodiment of a pulse width modulator of the present invention is shown in FIG. 9A. Pulse width 
modulator 80 in FIG. 9A may be used in place of pulse width modulator 25 in FIGS. 2B, 3B, 4, and 5. Pulse width 

10 modulator circuit 80 in FIG. 9A produces substantially constant propagation delays in control signals V Z1 and for 
0%-100% duty cycles of the switches. Pulse width modulator 80 generates signals V Z1 and using two waveform 
generators that each generate a periodic waveform signal, two comparators, and two multiplexers. Each of the multi- 
plexers selects the output of one of the comparators to be signals V Z1 and when the waveform signal generated 
by the waveform generator coupled to that comparator is not within a percentage of its minimum or maximum voltage. 

15 The percentage is determined by select signals V S1 and V S2 . This technique helps to ensure substantially constant 
propagation delays in control signals V Z1 and V^. Further details of a linear pulse width modulation system are de- 
scribed in commonly assigned copending U.S. patent application Serial NO.09/536,271*(Attomey Docket No LT-107) 
to Dwelley et at., filed concurrently herewith, the disclosure of which is incorporated by reference herein in its entirety. 
[0076] Pulse width modulator 80 may be used in place of pulse width modulator 25 in FIGS. 2B, 3B, 4 and 5. Pulse 

20 width modulator 80 includes signal generator 81 , comparators 84 and 86, and multiplexers 88 and 90. Signal generator 
81 provides waveform signal V M to the inverting input of comparator 84, and waveform signal V N to the inverting input 
of comparator 86. Control voltage V CL is coupled to the signal generator 81 as an input signal. V CL may be generated 
from error amplifier 22 that monitors voltage feedback signal V FB as shown, for example, in FIGS. 2B, 3B, 4, and 5. 
Signal generator 81 also provides quasi-static signal Vj to the non-inverting input of comparator 84, and quasi-static 

25 signal V K to the non-inverting input of comparator 86. 

[0077] Comparator 84 provides signal V R at its output, and comparator 86 provides signal V Q at its output. The output 
. of comparator 84 is coupled to input terminals of multiplexers 88 and 90 at node 87. The output of comparator 86 is 
coupled to input terminals of multiplexers 88 and 90 at node 89. Select signal V S1 is coupled to the S input of multiplexer 
88, and select signal V S2 is coupled to the S input of multiplexer 90. The output of multiplexer 88 provides control signal 

30 V Z1 . The output of multiplexer 90 provides control signal V^. 

[0078] Waveform signals V M and V N have the same shape and the same period T, but are time delayed with respect 
to each other by one half of period T. Examples of signals V M and V N are shown in FIG. 9C. Signal generator 81 also 
may generate other types of periodic waveforms such as sawtooth waveforms with rapidly rising edges, and sawtooth 
waveforms with non-rapidly rising and falling edges. 

35 [0079] Signal generator 100 in FIG. 9B is an example of signal generator 81. Signal generator 100 generates two 
periodic sawtooth waveforms V M and V N with rapidly falling edges as shown in FIG. 9C. Waveforms V M and V N vary 
between V MAX and V MIN as shown in FIG. 9C. Signal generator 100 also generates quasi-static signals Vj and V K 
which each equal V CL throughout each period T. Waveform generator 100 includes clock signal generator 104, constant 
current sources 101 and 106, capacitors 102 and 107, n-channel MOS field effect transistors 103 and 108, and one 

40 shots 104 and 109. Constant current source 101 has a first terminal coupled to supply voltage V cc and a second 
terminal coupled to a first terminal of capacitor 102, a drain of transistor 103, and V N . Capacitor 102 has a second 
terminal coupled to GROUND, and transistor 103 has a source coupled to GROUND. Constant current source 106 
has a first terminal coupled to supply voltage V cc and a second terminal coupled to a first terminal of capacitor 107, 
a drain of transistor 108, and V M . Capacitor 107 has a second terminal coupled to GROUND, and transistor 108 has 

45 a source coupled to GROUND. Clock signal generator 104 has an output terminal coupled to input terminals of one 
shots 104 and 109 at node 110. One shot 104 has an output coupled to the gate of transistor 103, and one shot 109 
has an output coupled to the gate of transistor 108. 

[0080] Clock signal generator 104 generates a square wave digital clock signal with a 50% duty cycle that varies 
between HIGH and LOW at node 110. During each cycle of the clock signal, constant current source 101 charges up 

so capacitor 1 02 from V MIN to VfMx and constant current source 1 06 charges up capacitor 1 07 from V M | N to VfMx • When 
the clock signal goes HIGH, the signal at the output of one shot 104 goes from LOW to HIGH turning ON transistor 
103. The voltage on capacitor 102 at V N then falls from to V M | N • The output of one shot 104 remains HIGH only 
for a brief period of time (e.g., 1% of the time that the clock signal at node 110 remains HIGH). The output of one shot 
1 04 then transitions LOW and transistor 1 03 turns OFF. Constant current source 1 01 then begins to charge up capacitor 

55 102 again. The output of one shot 104 remains LOW until the next rising edge of the clock signal. 

[0081] When the clock signal goes LOW, the signal at the output of one shot 109 goes from LOW to HIGH turning 
on transistor 1 08. The voltage on capacitor 1 07 at V M then falls from to V MIN . The output of one shot 1 09 remains 

•which is enclosed, single copy 
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HIGH only for a brief period of time (e.g., 1% of the time that the clock signal at node 110 remains LOW). The output 
of one shot 1 09 then transitions LOW and transistor 1 08 turns OFF. Constant current source 1 06 now begins charging 
up capacitor 107 again. The output of one shot 109 remains LOW until the next failing edge of the clock signal. 
[0082] Exemplary logic signals V R . V Q , V Z1 , V^, V S1 , and V S2 are also shown in FIG. 9C. Signal V z1 controls the 

5 switching of switches A and B and signal controls the switching of switches C and D as discussed above with 
respect to previous embodiments of the invention. Comparator 84 compares V, and V M to generate V R . If V, is greater 
than V M , V R is HIGH. If V, is less than V M , V R is LOW. Comparator 86 compares V K and V N to generate V Q . If V K is 
greater than V N , V Q is HIGH. If V K is less than V N , V Q is LOW. Select signals V S1 and V S2 select which of signals V R 
and V Q is passed as V z1 and for a given time interval during period T using multiplexers 88 and 90. V cu equals 

10 Vj and V K in the examples of FIGS. 9B and 9C. 

[0083] Referring to FIG. 9C, when V CL is less than V 4 and greater than or equal to V 3 , the switching regulator operates 
in boost mode. When V CL is less than V 3 and greater than V 2 , the switching regulator operates in buck-boost mode. 
When V CL is less than or equal to V 2 and greater than V 1t the switching regulator operates in buck mode. As described 
below, the values of V 1 and V 3 are determined by the falling and rising edges of signal V S1 and the values of V 2 and 

is V 4 are determined by the falling and rising edges of signal V S2 . 

[0084] The portions of signals V M and V N above V 4 and below V t are not used to generate control signals V z1 and 
because the propagation delays of comparators 84 and 86 may vary if V CL is greater than a maximum percentage 
of the peak-to-peak amplitude of V M and V N (e.g., 90%) or less than a minimum percentage of the peak-to-peak am- 
plitude of V M and V N (e.g.. 10%). Therefore, signal V S2 is selected so that V 4 is less than the maximum percentage 

20 (e.g.. 90%) of the peak-to-peak amplitude of V M and V N in which the propagation delays of comparators 84 and 86 
vary. Signal V s1 is selected so that V 1 is greater than the minimum percentage (e.g., 1 0%) of the peak-to-peak amplitude 
of V M and V N in which the propagation delays of comparators 84 and 86 vary. 

[0085] Referring to FIG. 9C, if V CL is greater than or equal to V 4 , the switching regulator operates in a degenerate 
mode In which the input voltage is coupled to GROUND through inductor 17 throughout each period T. If V CL is less 
25 than or equal to V t , the switching regulator operates in a degenerate mode in which the output voltage is coupled to 
GROUND through the inductor 17 throughout each period T. 

[0086] Select signals V s1 and V S2 may be digital signals as illustrated in FIG. 9C. Select signal V S1 determines which 
of nodes 87 and 89 are coupled to the output of multiplexer 88. Select signal V S1 causes multiplexer 88 to pass signal 
V R at node 87 as control signal V Z1 when waveform signal V M is between V 1 and V 3 , and to pass signal V Q at node 

30 89 as control signal V z1 when waveform signal V N is between and V 3 . When waveform signals V M and V N are 
between V 1 and V 4 , propagation delays tp HL of the comparator coupled to that waveform signal are substantially con- 
stant with respect to each other, since the HIGH to LOW transitions in V R and V Q are used to form V z1 . Propagation 
delays tpoj of comparators 84 and 86 do not need to be substantially constant, since the LOW to HIGH transitions in 
V Z1 are formed by the transitions in V S1 and not the LOW to HIGH transitions in V R and V Q . However, signals V R and 

35 v Q should transition from LOW to HIGH before V R and V Q are selected as V Z1 again. 

[0087] Select signal V S2 determines which of nodes 87 and 89 are coupled to the output of multiplexer 90. Select 
signal V s2 causes multiplexer 90 to pass signal V R at node 87 as control signal when waveform signal V M is 
between V 2 and V 4 , and to pass signal V Q at node 89 as control signal when waveform signal V N is between V 2 
and V 4 . When waveform signals V M and V N are between V 1 and V 4 . propagation delays tp HL of the comparator coupled 

40 to that waveform signal are substantially constant with respect to each other, since the HIGH to LOW transitions in V R 
and V Q are used to form V^. Propagation delays tp^ of comparators 84 and 86 do not need to be substantially 
constant, since the LOW to HIGH transitions in are formed by the transitions in V S2 and not the LOW to HIGH 
transitions in V R and V Q . However, signals V R and V Q should transition from LOW to HIGH before V R and V Q are 
selected as again. 

45 [0088] When V S1 is HIGH, the output of comparator 84 is coupled to the output of multiplexer 88, and V M is between 
V t and V 3 as shown in FIG. 9C. Signal V z1 is now the same as signal V R . When V S1 is LOW, the output of comparator 
86 is coupled to the output of multiplexer 88, and V N is between V t and V 3 as shown in FIG. 9C. Signal V Z1 is now the 
same as signal V Q . When V S2 is HIGH, the output of comparator 84 is coupled to the output of multiplexer 90, and V M 
is between V 2 and V 4 as shown in FIG. 9C. Signal is now the same as signal V R . When V S2 is LOW, the output of 

50 comparator 86 is coupled to the output of multiplexer 90, and V N is between V 2 and V 4 as shown in FIG. 9C. Signal 
Vz2 is now the same as signal V Q . 

[0089] The buck-boost region (between V 3 and V 2 ) can be widened or narrowed by changing the delay (D, in FIG. 
9C) between the falling edge V S2 and the next rising edge of V s1 . The buck-boost region expands (V 3 - V 2 gets larger) 
as D increases, causing an increase in the range of output-to^nput voltage ratios regulated in buck-boost mode. Pref- 
55 erably, the buck-boost region is not expanded so that it exists for all output-to-input voltage ratios because this causes 
the average inductor current to increase and the efficiency of the regulator to be reduced as discussed above with 
respect to FIG. 6A. 

[0090] The buck-boost region can be eliminated by causing the falling edge of V S2 to occur after the rising edge of 
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V S1 such that D in FIG. 9C is less than zero. Preferably, the buck-boost region is not eliminated so that all output-to- 
input voltage ratios may be regulated at a constant duty cycle of the switches as discussed above with respect to FIG. 
6A. 

[0091] Persons skilled in the art further will recognize that the circuitry of the present invention may be implemented 
5 using circuit configurations other than those shown and discussed above. 

Claims 

10 1 . A method for controlling a buck-boost switching regulator circuit to supply a regulated output voltage at an output 
node, the buck-boost switching regulator comprising an inductor, a first switch coupled between an input voltage 
and a first terminal of the Inductor, a second switch coupled between the first terminal of the inductor and GROUND, 
a third switch coupled between a second terminal of the inductor and GROUND, and a fourth switch coupled 
between the second terminal of the inductor and the output node, the method comprising: 

15 

generating a feedback signal that is proportional to the output voltage of the switching regulator; 
controlling the duty cycle of the first switch with a first drive signal generated in response to the feedback signal; 
controlling the duty cycle of the second switch with a second drive signal generated in response to the feedback 
signal so that the second switch is OFF when the first switch is ON, and the first switch is OFF when the 
20 second switch is ON; 

controlling the duty cycle of the third switch with a third drive signal generated in response to the feedback 
signal so that the duty cycle of the first switch is not equal to the duty cycle of the third switch during the time 
that the output voltage at the output node is regulated; and 

controlling the duty cycle of the fourth switch with a fourth drive signal generated in response to the feedback 
25 signal so that the third switch is OFF when the fourth switch is ON, and the fourth switch is OFF when the third 

switch is ON. 

2. The method defined in claim 1 further comprising: 

30 generating first and second voltage signals that are proportional to the feedback signal; 

providing first and second periodic waveform signals; 

comparing the first voltage signal with the first periodic waveform signal to generate a first control signal, 
wherein the first and second drive signals are generated in response to the first control signal; and 
comparing the second voltage signal with the second periodic waveform signal to generate a second control 
35 signal, wherein the third and fourth drive signals are generated in response to the second control signal. 

3. The method defined in claim 1 or 2 further comprising: 

generating first and second voltage signals that are proportional to the feedback signal; 
40 providing first and second periodic waveform signals; 

comparing the first voltage signal with the first periodic waveform signal to generate a first control signal; 
comparing the second voltage signal with the second periodic waveform signal to generate a second control 
signal; 

selecting the first and second control signals to generate a first selected signal, wherein the first selected 
45 signal has substantially constant propagation delays and wherein the first and second drive signals are gen- 

erated in response to the first selected signal; 

selecting the first and second control signals to generate a second selected signal, wherein the second selected 
signal has substantially constant propagation delays and wherein the third and fourth drive signals are gen- 
erated in response to the second selected signal. 

so 

4. A method for controlling a buck-boost switching regulator circuit to supply a regulated output voltage at an output 
node, the buck-boost switching regulator comprising an inductor, a first switch coupled between an input voltage 
and a first terminal of the inductor, a first diode with an anode coupled to GROUND and a cathode coupled to the 
first terminal of the inductor, a second switch coupled between a second terminal of the inductor and GROUND, 

55 and a second diode with an anode coupled to the second terminal of the inductor and a cathode coupled to the 

output node, the method comprising: 

generating a feedback signal that is proportional to the output voltage of the switching regulator; 
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controlling the duty cycle of the first switch with a first drive signal generated in response to the feedback 
signal; and 

controlling the duty cycle of the second switch with a second drive signal generated in response to the feedback 
signal so that the duty cycle of the first switch is not equal to the duty cycle of the second switch during the 
5 time that the output voltage at the output node is regulated. 

5. The method defined in claim 4 further comprising: 

generating first and second voltage signals that are proportional to the feedback signal; 

10 providing first and second periodic waveform signals; 

comparing the first voltage signal with the first periodic waveform signal to generate a first control signal, 
wherein the first drive signal is generated in response to the first control signal; and 
comparing the second voltage signal with the second periodic waveform signal to generate a second control 
signal, wherein the second drive signal is generated in response to the second control signal. 

is • • * 

6. The method defined in claim 4 or 5 further comprising: 

generating first and second voltage signals that are proportional to the feedback signal; 
providing first and second periodic waveform signals; 
20 comparing the first voltage signal with the first periodic waveform signal to generate a first control signal; 

comparing the second voltage signal with the second periodic waveform signal to generate a second control 
signal; 

selecting the first and second control signals to generate a first selected signal, wherein the first selected 
signal has substantially constant propagation delays and wherein the first drive signal is generated in response 
25 to the first selected signal; 

selecting the first and second control signals to generate a second selected signal, wherein the second selected 
signal has substantially constant propagation delays and wherein the second drive signal is generated in 
response to the second selected signal. 

30 7. A method for controlling a buck-boost switching regulator circuit to supply a regulated output voltage at an output 
node, the buck-boost switching regulator comprising an inductor, a first switch coupled between an input voltage 
and a first terminal of the inductor, a second switch coupled between the first terminal of the inductor and GROUND, 
a third switch coupled between a second terminal of the inductor and GROUND, and a diode with an anode coupled 
to the second terminal of the inductor and a cathode coupled to the output node, the method comprising: 

35 . 

generating a feedback signal that is proportional to the output voltage of the switching regulator; 
controlling the duty cycle of the first switch with a first drive signal generated in response to the feedback signal; 
controlling the duty cycle of the second switch with a second drive signal generated in response to the feedback 
signal so that the second switch is OFF when the first switch is ON, and the first switch is OFF when the 
40 second switch is ON; and 

controlling the duty cycle of the third switch with a third drive signal generated in response to the feedback 
signal so that the duty cycle of the first switch is not equal to the duty cycle of the third switch during the time 
that the output voltage at the output node is regulated. 

4S 8. The method defined in claim 7 further comprising: 

generating first and second voltage signals that are proportional to the feedback signal; 
providing first and second periodic waveform signals; 

comparing the first voltage signal with the first periodic waveform signal to generate a first control signal, 
so wherein the first and second drive signals are generated in response to the first control signal; and 

comparing the second voltage signal with the second periodic waveform signal to generate a second control 
signal, wherein the third drive signal is generated in response to the second control signal. 

9. The method defined in claim 7 or 8 further comprising: 

55 

generating first and second voltage signals that are proportional to the feedback signal; 
providing first and second periodic waveform signals; 

comparing the first voltage signal with the first periodic waveform signal to generate a first control signal; 
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comparing the second voltage signal with the second periodic waveform signal to generate a second control 
signal; 

selecting the first and second control signals to generate a first selected signal, wherein the first selected 
signal has substantially constant propagation delays and wherein the first and second drive signals are gen- 
5 erated in response to the first selected signal; 

selecting the first and second control signals to generate a second selected signal, wherein the second selected 
signal has substantially constant propagation delays and wherein the third drive signal is generated in response 
to the second selected signal. 

10 10. A method for controlling a buck-boost switching regulator circuit to supply a regulated output voltage at an output 
node, the buck-boost switching regulator comprising an inductor, a first switch coupled between an input voltage 
and a first terminal of the inductor, a diode with an anode coupled to GROUND and a cathode coupled to the first 
terminal of the inductor, a second switch coupled between a second terminal of the inductor and GROUND, and 
a third switch coupled between the second terminal of the inductor and the output node, the method comprising: 

15 

generating a feedback signal that is proportional to the output voltage of the switching regulator 
controlling the duty cycle of the first switch with a first drive signal generated in response to the feedback signal; 
controlling the duty cycle of the second switch with a second drive signal generated in response to the feedback 
signal so that the duty cycle of the first switch is not equal to the duty cycle of the second switch during the 
20 time that the output voltage at the output node is regulated; and 

controlling the duty cycle of the third switch with a third drive signal generated in response to the feedback 
signal so that the second switch is OFF when the third switch is ON, and the third switch Is OFF when the 
second switch is ON. 

25 11. The method defined in claim 1 0 further comprising: 

generating first and second voltage signals that are proportional to the feedback signal; 
providing first and second periodic waveform signals; 

comparing the first voltage signal with the first periodic waveform signal to generate a first control signal, 
30 wherein the first drive signal is generated in response to the first control signal; and 

comparing the second voltage signal with the second periodic waveform signal to generate a second control 
signal, wherein the second and third drive signals are generated in response to the second control signal. 

12. The method defined in claim 10 or 11 further comprising: 

35 

generating first and second voltage signals that are proportional to the feedback signal; 
providing first and second periodic waveform signals; 

comparing the first voltage signal with the first periodic waveform signal to generate a first control signal; 
comparing the second voltage signal with the second periodic waveform signal to generate a second control 
40 signal; 

selecting the first and second control signals to generate a first selected signal, wherein the first selected 
signal has substantially constant propagation delays and wherein the first drive signal is generated in response 
to the first selected signal; 

selecting the first and second control signals to generate a second selected signal, wherein the second selected 
45 signal has substantially constant propagation delays and wherein the second and third drive signals are gen- 

erated In response to the second selected signal. 

13. The method defined in claim 2, 3, 5, 6, 8, 9, 11 or 12 wherein providing the first and the second periodic waveform 
signals further comprises providing the first periodic waveform signal offset from the second periodic waveform 

so signal by a direct current offset voltage. 

14. The method defined in any one of claims 2 to 1 3 wherein generating the first and the second voltage signals further 
comprises generating the second voltage signal offset from the first voltage signal by a direct current offset voltage. 

55 15. The method defined in any one of claims 2 to 14 wherein providing the first and the second periodic waveform 
signals further comprises providing the first and the second periodic waveform signals that have the same wave 
shape and the same peak-to-peak amplitude. 
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16. The method defined In any one of claims 2 to 15 wherein providing the first and the second periodic waveform 
signals further comprises providing the second periodic waveform signal that has a different wave shape than the 
first periodic waveform signal. 

5 17. The method defined In any one of claims 2 to 16 wherein providing the first and the second periodic waveform 
signals further comprises providing the second periodic waveform signal that has a different peak-to-peak ampli- 
tude than the first periodic waveform signal. 

18. The method defined in any one of claims 2 to 17 wherein the first and second periodic waveform signals are 
10 sawtooth waveform signals. 

19. The method defined in any one of claims 2 to 17 wherein the first and second periodic waveform signals are 
triangular waveform signals. 

15 20. A control circuit for controlling a buck-boost switching regulator circuit for supplying a regulated output voltage at 
an output node, the buck-boost switching regulator comprising an inductor, a first switch coupled between an input 
voltage and a first terminal of the inductor, a second switch coupled between the first terminal of the inductor and 
GROUND, a third switch coupled between a second terminal of the inductor and GROUND, and a fourth switch 
coupled between the second terminal of the inductor and the output node, the control circuit comprising: 

20 

signal generator circuitry comprising an input node coupled to the output node of the switching regulator circuit, 
a waveform generator providing a periodic waveform at an waveform output node, and first, second, third, and 
fourth output nodes, the first and second output nodes coupled to the input node of the signal generator circuitry, 
the third and fourth output nodes coupled to the waveform output node of the waveform generator; 
25 a first comparator circuit comprising a first and second inputs coupled to the first and third output nodes, 

respectively, of the signal generator circuitry; 

a second comparator circuit comprising a first and second inputs coupled to the second and fourth output 
nodes, respectively, of the signal generator circuitry; and 

logic circuitry comprising logic gates, the logic circuitry having a first input coupled to an output of the first 
30 comparator circuit, a second input coupled to an output of the second comparator circuit, and first, second, 

third, and fourth outputs coupled to the first, second, third, and fourth switches, respectively, wherein the first 
switch is OFF when the second switch is ON, the second switch is OFF when the first switch is ON, the third 
switch is OFF when the fourth switch is ON, and the fourth switch is OFF when the third switch is ON. 

35 21. A control circuit for controlling a buck-boost switching regulator circuit for supplying a regulated output voltage at 
an output node, the buck-boost switching regulator comprising an inductor, a first switch coupled between an input 
voltage and a first terminal of the inductor, a first diode with an anode coupled to GROUND and a cathode coupled 
to the first terminal of the inductor, a second switch coupled between a second terminal of the inductor and 
GROUND, and a second diode with an anode coupled to the second terminal of the inductor and a cathode coupled 

<o to the output node, the control circuit comprising: 

signal generator circuitry comprising an input node coupled to the output node of the switching regulator circuit, 
a waveform generator providing a periodic waveform at an waveform output node, and first, second, third, and 
fourth output nodes, the first and second output nodes coupled to the input node of the signal generator circuitry, 
45 the third and fourth output nodes coupled to the waveform output node of the waveform generator; 

a first comparator circuit comprising a first and second inputs coupled to the first and third output nodes, 
respectively, of the signal generator circuitry; 

a second comparator circuit comprising a first and second inputs coupled to the second and fourth output 
nodes, respectively, of the signal generator circuitry; and 
50 logic circuitry comprising logic gates, the logic circuitry having a first input coupled to an output of the first 

comparator circuit a second input coupled to an output of the second comparator circuit, and first, and second 
outputs coupled to the first and second switches, respectively. 

22. A control circuit for controlling a buck-boost switching regulator circuit for supplying a regulated output voltage at 
55 an output node, the buck-boost switching regulator comprising an inductor, a first switch coupled between an input 

voltage and a first terminal of the inductor, a second switch coupled between the first terminal of the inductor and 
GROUND, a third switch coupled between a second terminal of the inductor and GROUND, and a diode with an 
anode coupled to the second terminal of the inductor and a cathode coupled to the output node, the control circuit 
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comprising: 

signal generator circuitry comprising an input node coupled to the output node of the switching regulator circuit, 
a waveform generator providing a periodic waveform at an waveform output node, and first, second, third, and 
5 fourth output nodes, the first and second output nodes coupled to the input node of the signal generator circuitry, 

the third and fourth output nodes coupled to the waveform output node of the waveform generator; 
a first comparator circuit comprising a first and second inputs coupled to the first and third output nodes, 
respectively, of the signal generator circuitry; 

a second comparator circuit comprising a first and second inputs coupled to the second and fourth output 
10 nodes, respectively, of the signal generator circuitry; and 

logic circuitry comprising logic gates, the logic circuitry having a first input coupled to an output of the first 
comparator circuit, a second input coupled to an output of the second comparator circuit, and first, second, 
and third outputs coupled to the first, second, and third switches, respectively, wherein the first switch is OFF 
when the second switch is ON, and the second switch is OFF when the first switch is ON. 

15 

23. A control circuit for controlling a buck-boost switching regulator circuit for supplying a regulated output voltage at 
an output node, the buck-boost switching regulator comprising an inductor, a first switch coupled between an input 
voltage and a first terminal of the inductor, a diode with an anode coupled to GROUND and a cathode coupled to 
the first terminal of the inductor, a second switch coupled between a second terminal of the inductor and GROUND, 

20 and a third switch coupled between the second terminal of the inductor and the output node, the control circuit 

comprising: 

signal generator circuitry comprising an input node coupled to the output node of the switching regulator circuit, 
a waveform generator providing a periodic waveform at an waveform output node, and first second, third, and 
25 fourth output nodes, the first and second output nodes coupled to the input node of the signal generator circuitry, 

the third and fourth output nodes coupled to the waveform output node of the waveform generator; 
a first comparator circuit comprising a first and second inputs coupled to the first and third output nodes, 
respectively, of the signal generator circuitry; 

a second comparator circuit comprising a first and second inputs coupled to the second and fourth output 
30 nodes, respectively, of the signal generator circuitry; and 

logic circuitry comprising logic gates, the logic circuitry having a first input coupled to an output of the first 
comparator circuit, a second input coupled to an output of the second comparator circuit and first, second, 
and third outputs coupled to the first, second, and third switches, respectively, wherein the third switch is OFF 
when the second switch is ON. and the second switch is OFF when the third switch is ON. 

35 

24. The control circuit defined in claim 23 wherein a direct current offset is created between the third and fourth output 
nodes of the signal generator circuitry. 

25. The control circuit defined in claim 23 or 24 wherein the signal generator circuitry further comprises a resistor 
40 coupled between the third and fourth output nodes, and a current source coupled between the fourth output node 

and GROUND, the resistor and the current source creating the direct current offset 

26. The circuit defined in claim 23, 24 or 25 wherein a direct current offset is created between the first and second 
output nodes of the signal generator circuitry. 

45 

27. The control circuit defined in claim 26 wherein the signal generator circuitry further comprises a resistor coupled 
between the first and second output nodes, and a current source coupled between the second output node and 
GROUND, the resistor and the current source creating the direct current offset 

50 28. The circuit defined in any one of claims 23 to 27 wherein the waveform generator comprises first and second 
waveform generators, the first waveform generator providing a first periodic waveform at a first waveform output 
node, the second periodic waveform generator providing a second periodic waveform at a second waveform output 
node, the third output node of the signal generator circuitry coupled to the first waveform output node, and the 
fourth output node of the signal generator circuitry coupled to the second waveform output node. 

55. 

29. The circuit defined in any one of claims 23 to 28 wherein the periodic waveform is a sawtooth waveform. 

30. The circuit defined in any one of claims 23 to 28 wherein the periodic waveform is a triangular waveform. 
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31. The circuit defined in any one of claims 23 to 30 wherein the control circuit further comprises first and second 
multiplexer circuits, the first multiplexer circuit coupled between the first input of the logic circuitry and the outputs 
of each of the first and second comparators, the second multiplexer circuit coupled between the second input of 
the logic circuitry and the outputs of each of the first and second comparators. 

5 

32. The circuit defined in any one of claims 23 to 31 wherein the control circuit further comprises: 

an amplifier circuit having first and second inputs, and an output coupled to the input node of the signal gen- 
erator circuitry; 

10 a first resistor coupled between the output node of the switching regulator circuit and the first input of the 

amplifier circuit; and 

a second resistor coupled between the first input of the amplifier circuit and GROUND. 
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